OBJECTIVES The purpose of this study was to characterize the hemodynamic force acting on plaque and to investigate its relationship with lesion geometry.
However, plaque rupture can occur whenever plaque stress exceeds the plaque strength in a similar mechanism to general mechanical material failures (3, 4) . Therefore, if the imbalance between plaque durability and external force can be assessed simultaneously, prediction of the risk of plaque rupture can be more accurate.
Among various hemodynamic forces, wall shear stress (WSS) has been proposed as a key hemodynamic force affecting the initiation, progression, and transformation of atherosclerotic plaque from a stable to unstable phenotype (1, 3, 5, 6) . However, the magnitude of WSS is significantly smaller than other components of hemodynamic forces such as pressure, and thus WSS alone may not act as a direct force for the occurrence of plaque rupture. The coronary arteries are under circumferential and axial tension resulting from blood pressure. A net anterograde axial force on the plaque (largely due to the pressure gradient) would increase the axial tension and plaque stress on the upstream segment of the plaque but decrease those acting on the downstream end of the plaque.
The converse is true for a net retrograde axial force on the plaque, which, paradoxically, can occur for certain plaque geometries despite the minimal pressure gradient acting on the downstream segment of a plaque. These net axial forces may explain the clinical observation that plaque rupture occurs on both upstream and downstream segments of a plaque (7, 8) .
Recent advances in coronary computed tomography angiography (CTA) and computational fluid dynamics (CFD) technologies enable quantification of hemodynamic forces acting on plaques with more accurate patient-specific geometric models and physiological boundary conditions than have been possible heretofore (9) .
The purpose of this study was to characterize the hemodynamic forces acting on coronary plaques and to investigate its relationship with lesion geometry using CFD applied to coronary models created from coronary CTA data of patients with coronary artery disease.
METHODS
Plaque force analysis for human coronary lesions was performed to investigate hemodynamic forces in real patient data and then idealized stenosis models were analyzed to confirm the findings from patient data.
Detailed description of the idealized model study is presented in the Online Appendix.
PATIENT POPULATION. A total of 81 patients presenting with stable angina and suspected coronary artery disease were included for this study from 4 cardiovascular centers in Korea and Japan ( Table 1 ). The inclusion criteria were patients with stable angina, the exis- Guidelines on performance of coronary CTA, with 64 or higher detector row scanner platforms (10) . Oral beta-blockers were administered for any subjects with a heart rate $65 beats/min. Immediately before the coronary CTA acquisition, 0.2 mg of sublingual nitroglycerin was administered.
CFD ANALYSIS OF THE LESION IN PATIENTS WITH
CORONARY ARTERY DISEASE. Coronary models constructed from coronary CTA were discretized into volumetric meshes for CFD analysis. The boundary conditions of CFD domain were assigned on the basis of vessel sizes at each outlet, assuming a hyperemic condition as described by Taylor et al. (9) . Briefly, the basal outlet resistances at rest were determined from the fundamental form-function relationships relating organ flow with organ size according to metabolic demands. Specifically, an allometric scaling law was used to estimate the total coronary flow based on The APS can be computed by the projection of traction onto the centerline of the coronary artery as follows: Choi et al.
(i.e., RG upstream > RG downstream ) were referred to as The axial plaque stress (APS) was computed by extracting the axial component of traction acting on the lumen or plaque. Although the magnitudes of traction and FFR decreased along the vessel length, APS uniquely characterized the elevation of hemodynamic stress at upstream and downstream obstructive segments. Note that the magnitude of APS was significantly greater than that of wall shear stress.
FFR ¼ fractional flow reserve; WSS ¼ wall shear stress. Figure 3) .
The relationship of APS with pressure gradient is presented in Figure 3 . In upstream segments, the APS showed a linear relationship with pressure gradient, but not in downstream segments. Although the pressure gradient downstream was minimal, the distribution of downstream APS was highly variable. With The distribution of the axial plaque stress in the patients' lesions are presented. APS ¼ axial plaque stress. Choi et al. Table 2) .
The distribution and differences in hemodynamic parameters according to the plaque geometry showed similar results for a subgroup with more than 40% diameter stenosis (Online Table 1 ).
Notably, despite no differences in FFR CT (A) The changes in APS according to the lesion severity (% diameter stenosis) were presented in the patients' lesions. The upstream APS increased as the stenosis severity increased while the downstream APS reached maximum at approximately 60% diameter stenosis and decreased as the lesion severity increased. (B) APS was increased as the segmental length decreased. In addition, APS was also higher when the stenosis severity was increased in any given lesion length. APS ¼ axial plaque stress; DS ¼ diameter stenosis. Figure 4C) .
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DISCUSSION
The assessment of risk for ACS has been one of the most important topics in cardiology for decades (2) .
However, even among plaques with the same vulnerable features, the hemodynamic forces acting on the plaque can vary and affect the risk of rupture.
In an optical coherence tomography study, the thickness of ruptured fibrous cap was thicker in patients with exertion-triggered ACS than those with restonset ACS (11) . This clinical observation demonstrated the potential role of hemodynamic conditions in the stability of plaques. The present study characterizes the hemodynamic forces acting on plaque and Figure 1 . It is well known that a discrepancy exists between anatomic severity and rupture risk of a plaque (2, 14) . This discrepancy has provided the impetus for many studies to find high-risk features for plaque rupture in patients with coronary artery disease, with emphasis on plaque morphology and coronary hemodynamics.
In this study, we explored the potential role of APS in plaque rupture. Our study provided 3 major perspectives distinct from previous studies. In addition, consideration of intraplaque stresses will be useful to further characterize the role of APS in the assessment of risk. Axial Plaque Stress and Its Relationship With Lesion Geometry 1165
